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Related Applications

[0001] This application is a continuation in part of U.S. Patent Application No.

10/338,934, which was filed on January 7, 2003, and which is based on and claims priority to

U.S. Provisional Application No. 60/346,788, filed January 7, 2002. The entirety of both of

these applications are hereby incorporated by reference.

Background of the Invention

Field of the Invention

[0002] The present invention relates to a device for treating heart failure. More

specifically, the invention relates to a cardiac harness configured to be fit around at least a

portion of a patient's heart.

Description of the Related Art

[0003] Congestive heart failure ("CHF") is characterized by the failure of the

heart to pump blood at sufficient flow rates to meet the metabolic demand of tissues,

especially the demand for oxygen. One characteristic of CHF is remodeling of at least

portions of a patient's heart. Remodeling involves physical changes to the size, shape and

thickness of the heart wall. For example, a damaged left ventricle may have some localized

thinning and stretching of a portion of the myocardium. The thinned portion of the

myocardium often is functionally impaired, and other portions of the myocardium attempt to

compensate. As a result, the other portions of the myocardium may expand so that the stroke

volume of the ventricle is maintained notwithstanding the impaired zone of the myocardium..

Such expansion may cause the left ventricle to assume a somewhat spherical shape.

[0004] Cardiac remodeling often subjects the heart wall to increased wall tension

or stress, which further impairs the heart's functional performance. Often, the heart wall will

dilate further in order to compensate for the impairment caused by such increased stress.

Thus, a vicious cycle can result, in which dilation leads to further dilation and greater

functional impairment.



[0005] Historically, congestive heart failure has been managed with a variety of

drugs. Devices have also been used to improve cardiac output. For example, left ventricular

assist pumps help the heart to pump blood. Multi-chamber pacing has also been employed to

optimally synchronize the beating of the heart chambers to improve cardiac output. Various

skeletal muscles, such as the latissimus dorsi, have been used to assist ventricular pumping.

Researchers and cardiac surgeons have also experimented with prosthetic "girdles" disposed

around the heart. One such design is a prosthetic "sock" or "jacket" that is wrapped around

the heart.

[0006] Although some of the above-discussed devices hold promise, there-

remains a need in the art for an improved device for treating CHF to prevent a remodeled

heart from further remodeling and/or help reverse remodeling of a diseased heart.

Summary of the Invention

[0007] In accordance with one embodiment of the present invention, a cardiac

harness is configured to fit generally around a patient's heart and to resist expansion of the

heart by applying a compressive force thereto. At least a section of said harness exerts a

circumferential load, normalized with respect to a longitudinal direction and expressed in

pounds per inch, as a function of circumferential expansion of said section of harness,

expressed as a percent of expansion above a zero load condition. The harness has an

operating range of expansion having a minimum value of at least 20 percent. A change of 20

percent in said circumferential expansion within said operating range yields a change in

circumferential load ofno more than about 0.066 lb/in.

[0008] In accordance with a further embodiment, the circumferential compliance

of the harness over the operating range of expansion is greater than a longitudinal compliance

of the harness.

[0009] In accordance with another embodiment of the present invention, a cardiac

harness is configured to fit generally around a patient's heart and to resist expansion of the

heart by applying a compressive force thereto. At least a section of said harness exerts a

circumferential load, normalized with respect to a longitudinal direction and expressed in

pounds per inch, as a function of circumferential expansion of said section of harness,

expressed as a percent of expansion above a zero load condition. The variation of load as a



function of expansion through a selected range of expansion is generally in the form of

y=ax+b where a and b are determined by linear regression. A first value of "a" corresponds

to a first selected range of expansion of at least 5 percent, and a second value of "a"

corresponds to a second selected range of expansion of at least 5 percent. The second range

of expansion consists of values greater than the first range of expansion so as to be non-

overlapping with the first range, and the second value of "a" is no greater than said first value

of "a".

[0010] In accordance with another embodiment, the present invention provides a

cardiac harness configured to fit generally around a patient's heart and to resist expansion of

the heart by applying a compressive force thereto. At least a section of said harness exerts a

circumferential load, normalized with respect to a longitudinal direction and expressed in

pounds per inch, as a function of circumferential expansion of said section of harness,

expressed as a percent of expansion above a zero load condition. The variation of load as a

function of expansion between 20 percent expansion and 30 percent expansion is generally in

the form of y=ax+b where "a" and "b" are determined by linear regression. The linear

regression of said variation of load as a function of expansion yields a coefficient, of

determination of at least about 0.8. The value of "a" is no greater than about 0.0033.

[001 1] In another embodiment, the value of "a" is no greater than about 0.002.

[0012] In accordance with still a further embodiment of the present invention, a

cardiac harness is configured to fit generally around a patient's heart and to resist expansion

of the heart by applying a compressive force thereto. At least a section of said harness exerts

a circumferential load, normalized with respect to a longitudinal direction and expressed in

pounds per inch, as a function of circumferential expansion of said section of harness,

expressed as a percent of expansion above a zero load condition. The variation of load as a

function of expansion through a selected range of expansion is generally in the form of

y=cx2+ax+b where c, a and b are determined by linear regression, and c is negative.

[0013] Further features and advantages of the present invention will become

apparent to one of skill in the art in view of the Detailed Description of Preferred

Embodiments which follows, when considered together with the attached drawings and

claims.



Brief Description of the Drawings

[0014] Figure 1 is a schematic view of a heart with a cardiac harness placed

thereon.

[0015] Figure 2A-2B illustrate a spring hinge in a relaxed position and under

tension.

[0016] Figure 3 shows an embodiment of a cardiac harness that has been cut out

of a flat sheet of material.

[0017] Figure 4 shows the cardiac harness of Figure 3 formed into a shape

configured to fit about a heart.

[0018] Figure 5 shows another embodiment of a cardiac harness that has been cut

out of a flat sheet of material.

[0019] Figure 6 shows the cardiac harness of Figure 5 formed into a shape

configured to fit about a heart.

[0020] Figure 7 is a schematic view of yet another embodiment of a cardiac

harness, shown disposed upon a schematically-illustrated heart.

[0021] Figure 8 illustrates a plurality of strips of material arranged on a patient's

heart.

[0022] Figure 9 illustrates embodiments of an AV groove collar and a papillary

muscle band disposed on a patient's heart.

[0023] Figure 10 shows a curve representing test data for one embodiment of a

cardiac harness.

[0024] Figure 1 1 shows a test portion which has been cut out of the cardiac

harness of Figure 7 generally along line 11-11.

[0025] Figure 12 shows the test portion of Figure 1 1 in a material testing machine.

[0026] Figure 13 shows a curve representing test data for one embodiment of a

cardiac harness.

[0027] Figure 14 shows a schematic view of one typical spring element of a test

portion as in Figure 11.

[0028] Figure 15 shows test data and a linear regression line generated therefrom

in accordance with one embodiment of a cardiac harness.
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[0029] Figure 16 shows test data and a linear regression line derived therefrom in

connection with another embodiment of the cardiac harness.

[0030] Figure 17 shows test data and a linear regression line derived therefrom for

yet another embodiment of the cardiac harness.

[0031] Figure 18 shows test data and linear regression line derive therefrom for

yet another embodiment of a cardiac harness.

Detailed Description of Preferred Embodiments

[0032] This application relates to a method and apparatus for treating heart failure.

As discussed in Applicants' co-pending application entitled "Expandable Cardiac Harness

For Treating Congestive Heart Failure", Serial No. 09/634,043, which was filed on August 8,

2000, the entirety of which is hereby expressly incorporated by reference herein, it is

anticipated that remodeling of a diseased heart can be resisted or even reversed by alleviating

the wall stresses in such a heart. The present application discusses certain embodiments and

methods for supporting the cardiac wall. Additional embodiments and aspects are also

discussed in Applicants' co-pending applications entitled "Cardiac Harness," Serial No.

10/656,733, filed September 5, 2003, "Device for Treating Heart Failure," Serial No.

10/242,016, filed September 10, 2002, and "Heart Failure Treatment Device and Method",

Serial No. 10/287,723, filed October 31, 2002, the entirety of each of which are hereby

expressly incorporated by reference.

[0033] Figure 1 illustrates a mammalian heart 30 having a cardiac wall stress

reduction device in the form of a harness 32 applied to it. The cardiac harness 32 comprises a

series of hinges or spring elements 34 that circumscribe the heart 30 and, collectively, apply a

mild compressive force on the heart so as to alleviate wall stresses.

[0034] The term "cardiac harness" as used herein is a broad term that refers to a

device fit onto a patient's heart to apply a compressive force on the heart during at least a

portion of the cardiac cycle. Other devices that are intended to be fit onto a heart arid are

referred to in the art as "girdles," "socks," "jackets," or the like are included within the

meaning of "cardiac harness."

[0035] The cardiac harness 32 illustrated in Figure 1 comprises at least one

undulating strand 36 comprising a series of spring elements 34 referred to as hinges or spring



hinges that are configured to deform as the heart 30 expands during filling. Each hinge 34

- provides substantially unidirectional elasticity, in that it acts in one direction and does not

provide much elasticity in the direction perpendicular to that direction. For example,

Figure 2A shows one embodiment of a hinge member 34 at rest. The hinge member 34 has a

central portion 40 and a pair of arms 42. As the arms are pulled, as shown in Figure 2B, a

bending moment 44 is imposed on the central portion 40. The bending moment 44 urges the

hinge member 34 back to its relaxed condition. Note that a typical strand comprises a series

of such hinges, and that the hinges 34 are adapted to elastically expand and retract in the

direction of the strand 36.

[0036] In the embodiment illustrated in Figure 1, the strands 36 of spring elements

34 are constructed of extruded wire that is deformed to form the spring elements. Although

Figure 1 shows adjacent strands 36 interwoven one with another, it is to be understood that,

in additional embodiments, adjacent strands 36 may not overlay or touch one another.

[0037] Figures 3 and 4 illustrate another preferred embodiment of a cardiac

harness 50, shown at two points during manufacture of such a harness. In the illustrated

embodiment, the harness 50 is first formed from a relatively thin, flat sheet of material. Any

method can be used to form the harness from the flat sheet. For example, in one

embodiment, the harness is photochemically etched from the material; in another

embodiment, the harness is laser-cut from the thin sheet of material. The embodiment shown

in Figures 3 and 4 has been etched from a thin sheet of Nitinol, which is a superelastic

material that also exhibits shape memory properties. The flat sheet of material is draped over

a form, die or the like, and is formed to generally take on the shape of at least a portion of a

heart. *
. .

[0038] With reference to Figures 1 and 4, the illustrated embodiments of the

cardiac harnesses 32, 50 comprise a base portion 52, which is sized and configured to

generally engage and fit onto a base region of a patient's heart; an apex portion 56, which is

sized and shaped so as to generally engage and fit on an apex region of a patient's heart; and

a medial portion 58 between the base and apex portions.

[0039] In the embodiment shown in Figures 3 and 4, the harness 50 comprises

strands or rows 36 of undulating wire. As discussed above, the undulations comprise
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hinges/spring elements 34 which are elastically bendable in a desired direction. Some of the

strands 36 are connected to each other by interconnecting elements 60. The interconnecting

elements 60 help maintain the position of the strands 36 relative to one another. Preferably

the interconnecting elements 60 allow some relative movement between adjacent strands 36.

[0040] As the heart expands and contracts during diastole and systole, the

contractile cells of the myocardium expand and contract. In a diseased heart, the

myocardium may expand such that the cells are distressed and lose at least some contractility.

Distressed cells are less able to deal with the stresses of expansion and contraction. As such,

the effectiveness of heart pumping decreases.

[0041] As discussed above, and as discussed in more detail in the applications that

are incorporated herein by reference, the undulating spring elements 34 exert a force in

resistance to expansion of the heart 30. Collectively, the force exerted by the spring elements

tends toward compressing the heart, thus alleviating wall stresses in the heart as the heart

expands. Each strand of spring hinges is configured so that as the heart expands during

diastole the spring hinges correspondingly expand, storing expansion forces as bending

energy in the spring. As such, the stress load on the myocardium is partially relieved by the

harness. This reduction in stress helps to decrease the workload of the heart, enabling the

heart to more effectively pump blood and helping the myocardium cells to remain healthy

and/or regain health.

[0042] It is to be understood that several embodiments of cardiac harnesses can be

constructed and that such embodiments may have varying configurations, sizes, flexibilities,

etc. yet still create a mildly compressive force on the heart so as to reduce wall stresses. As

discussed in the above-referenced applications, such cardiac harnesses can be constructed

from many suitable materials including various metals, fabrics, plastics and braided, woven

and/or knit filaments. Suitable materials also include superelastic materials and materials

that exhibit shape memory. For example, a preferred embodiment of a harness is constructed

of Nitinol. Shape memory polymers can also be employed. Such shape memory polymers

can include shape memory polyurethanes or other polymers such as those containing oligo(e-

caprolactone) dimethacrylate and/or poly(e-caprolactone), which are available from

mnemoScience. Further, some cardiac harness embodiments substantially encircle the heart,



while others may employ spring members disposed over only a portion of the circumference

of the heart or harness.

[0043] As just discussed, bending stresses are absorbed by the spring members 34

during diastole and are stored in the members as bending energy. During systole, when the

heart pumps, the heart muscles contract and the heart becomes smaller. Simultaneously,

bending energy stored within the spring members 34 is at least partially released, thereby

providing an assist to the heart during systole. In a preferred embodiment, the compressive

force exerted on the heart by the spring members of the harness comprises about 10% to 15%

of the mechanical work done as the heart contracts during systole. Although the harness is

not intended to replace ventricular pumping, the harness substantially assists the heart during

systole.

[0044] With reference next to Figures 5 and 6, another embodiment of a harness

50 comprises strands 36 or strips of undulating wire. As discussed above, the undulations

comprise hinges/spring elements 34 which are elastically bendable in a desired direction.

The strands of spring elements are oriented in different directions and configured differently

in the various portions of the harness. For example, as shown in Figures 5 and 6, in the base

portion 52 of the harness, the strands are oriented so that the spring elements 34 will expand

and contract in a direction generally transverse to a longitudinal axis of the heart. In the apex

region 56, an "archimedes spiral" 62 configuration allows expansion and deformation in

more than one direction, but is most compliant in a longitudinal direction. In the medial

portion 58, strands 36a are oriented to expand and contract in a generally longitudinal

direction. Additionally, some of the strands are connected to each other by interconnecting

spring elements 60a, which allow the adjacent strands to move relative to each other in a

transverse direction. However, some of the strands 36a in the medial portion 58 are not

connected to others of the strands and can move freely relative to one another in a transverse

direction. Thus, in the medial portion, the strands are collectively expandable in directions

between the longitudinal and transverse directions.

[0045] In a mammalian heart, the heart muscle cells in the base region tend to

expand and contract in a generally transverse direction during pumping of the heart. In the

apex region, the heart muscles tend to expand and contract in a longitudinal direction.



Between the apex and base regions of the heart, the heart muscles generally expand and

contract in directions between the longitudinal and transverse directions. In the embodiment

illustrated in Figures 5 and 6, the spring elements 34 are oriented generally in the directions

of the cardiac muscle expansion so as to even better resist expansion and alleviate muscle

stresses. As such, the arrangement of the base, medial and apex regions 52, 58, 56 of the

harness is specially adapted to accommodate the natural expansion and contraction of heart

muscle tissue. In this manner, the harness generally mimics the directional contractions

typical of heart muscle.

[0046] With next reference to Figure 7, another embodiment of a cardiac harness

70 is illustrated disposed on a schematically illustrated heart 30. As shown, the cardiac

harness 70 is configured to circumferentially surround the heart and extend longitudinally

from a base portion 72 to an apex portion 74 of the heart. The harness 70 comprises a

plurality of circumferentially extending rings 80 disposed longitudinally adjacent to one

another. Each ring 80 comprises a plurality of interconnected spring members 34. The

spring members 34 shown in Figure 7 are substantially similar to the spring members 34

discussed above with reference to Figures 2A and 2B.

[0047] A plurality of connectors 82 interconnects adjacent rings 80. The

connectors 82 have a length oriented longitudinally relative to the rings so as to create space

between adjacent rings. Further, the connectors help to maintain proper alignment between

adjacent rings, while allowing some relative movement therebetween. The illustrated harness

is configured so that no spring members 34 overlap one another. As such, wear of the

harness due to repeated flexing and relative movement of the spring members 34 is avoided.

Preferably, the connectors 82 are formed of a semi-compliant material, such as silicone or

other similar material. It is contemplated that the connectors 82 may comprise any medical

grade polymer such as, but not limited to, polyethylene, polypropylene, polyurethane, nylon,

PTFE and ePTFE.

[0048] In the embodiment illustrated in Figure 7, each ring 80 initially comprises

an elongate strand comprised of a series of spring members 34. Each strand of spring

members 34 preferably is formed of a drawn metallic wire, preferably Nitinol or another

metal having a shape memory property. Preferably, the Nitinol wire is shaped into the series



of spring members and treated to develop a shape memory of the desired spring member

structure. After such treatment, each elongate strand is cut to a length such that when

opposite ends of the elongate strand are connected, the elongate strand assumes the ring-

shaped configuration shown in Figure 7.

[0049] It will be appreciated that the lengths of the elongate strands 36 are

selected such that the resulting rings 80 are sized in conformity with the general anatomy of

the patient's heart 30. More specifically, strands used in the apex portion of the harness are

not as long as the strands used to form the base portion. As such, the harness generally tapers

from the base 52 toward the apex 54 in order to generally follow the shape of the patient's

heart. In another embodiment, the diameter of a ring 80b at the base of the harness is smaller

than the diameter of the adjacent ring 80c. In this embodiment, the harness has a greatest

diameter at a point between the base and apex ends, and tapers from that point to both the

base and apex ends. Preferably, the point of greatest diameter is closer to the base end 52

than to the apex end 56. It is contemplated that the lengths of the strands, as well as the sizes

of the spring members, may be selected according to the intended size of the cardiac harness

70 and/or the amount of compressive force the harness is intended to impart to the patient's

heart.

[0050] With continued reference to Figure 7, the right side 84 of the base portion

52 of the harness 70 comprises strands 86 of interconnected spring members that are not

configured into a ring, but extend only partially about the circumference of the harness 80.

,

Preferably, the partial strands 86 are connected to the adjacent full ring in a manner so that

the partial strands are stretched. As such, the partial strands 86 will bend inwardly to "cup"

the upper portion of the right atrium, as simulated in Figure 7.

[0051] In the illustrated embodiment, the rings 80 are coated with dielectric

material and the connectors 82 are formed of a nonconductive material. As such, each ring is

electrically isolated from the other rings in the harness. Preferably, silicone tubing is

advanced over a strand of spring members prior to forming the strand into a ring. In another

embodiment, Nitinol wire is dip coated with an insulating material before or after being

formed into rings.
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[0052] Various materials and methods can be used to coat the harness with

dielectric material. In the illustrated embodiment, the rings are coated with silicone rubber.

Other acceptable materials include urethanes and ceramics, as well as various polymers and

the like, including Parylene™, a dielectric polymer available from Union Carbide. The

materials can be applied to a harness by various methods, such as dip coating and spraying,

or any other suitable method.

[0053] As discussed above, adjacent rings 80 are joined to one another by

connectors 82. In the embodiment illustrated in Figure 7, connectors 82 are generally

staggered between adjacent rings 80. It is to be understood that, in other embodiments,

different arrangements of connectors 82 can be employed. For example, connectors between

adjacent rings can be substantially aligned with one another.

[0054] In the embodiment illustrated in Figure 7, the connectors 82 comprise

silicone rubber. As such, the connectors are somewhat elastic, and the harness 70 is

longitudinally compliant. However, the longitudinal compliance of the harness is limited by

the elastic properties of the connectors. Due to both the geometry of the rings and elastic

properties of the ring material, the circumferential compliance of the harness 70 is much

greater than the longitudinal compliance. In an embodiment wherein connectors between

adjacent rings are substantially aligned, the longitudinal compliance of the harness is even

more closely limited by the elastic properties of the connectors, and such an embodiment

would be less longitudinally compliant than the embodiment ofFigure 7.

[0055] In another embodiment, a harness is constructed of polyester filaments knit

in a well known "Atlas knit" arrangement, such as that discussed in international patent

Publication Number WO 01/95830 A2, which is incorporated herein by reference in its

entirety. As such, the harness is flexible, and the fabric can stretch, even though the polyester

filaments do not necessarily elastically deform upon stretching of the fabric. Such fabric

stretch is mainly due to linearization of filaments and fiber crimp and geometric distortion of

the knit pattern. Once these stretch factors are exhausted, the harness becomes inelastic, and

will no longer expand elastically with an increase in size of a patient's heart.

[0056] When foreign objects or substances, such as a cardiac harness, are

introduced onto or adjacent the heart, the body will tend to deposit tissue on or around the



foreign object. For example, .fibrin and collagen deposits will tend to accumulate on and

around the heart after a cardiac harness is placed thereon. This scar tissue tends to be tough,

though flexible, and will additionally resist expansion of the patient's heart.

[0057] In one preferred embodiment, a cardiac wall tension reduction device is

constructed of a bioabsorbable material. As such, the device will dissolve after a

predetermined period of time. When in place, however, the device will relieve cardiac wall

tension. Once the device is installed on the heart, the patient's body will respond by

depositing scar tissue on the device and around the heart. Preferably, the tissue at least

partially encapsulates the heart. After the device dissolves, the scar tissue remains. Thus,

although the implanted device no longer restricts or resists further cardiac expansion, the scar

tissue resists such expansion. As such, a long term treatment for resisting further cardiac

expansion is established without requiring a permanent implant.

[0058] A bioabsorbable cardiac wall tension reduction device can be formed of

any bioabsorbable material. It is to be understood that many types of materials can be used,

including bioabsorbable materials typically used in sutures, stents and the like. For purposes

of this disclosure, bioabsorbable materials include materials that degrade or dissolve over

time when placed within a human body, and include biodegradable materials. In preferred

embodiments, FDA-approved materials such as polylactic acid (PLA) and polyglycolic acid

(PGA) can be used. Other materials, including both synthetic and naturally-derived polymers

can suitably be employed.

[0059] A bioabsorbable cardiac harness can be formed in accordance with any

acceptable method and fashion. For example, a sheet of PGA or PLA can be molded to a

shape that fits about the heart. Similarly, a sheet can be formed having holes or gaps that

lend themselves to increased flexibility. Further, a device can be molded or cut to have a

series of undulating spring members, as in the embodiments discussed above. Still further, a

lattice structure may be used to provide elasticity and facilitate and/or direct scar growth in a

desired manner and direction. Still further, bioabsorbable material can be provided as

extruded fibers or filaments that can be woven, braided, knit, or the like so as to fit about the

heart and constrain expansion thereof.
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[0060] As discussed in the above-referenced applications, when a force is applied

to relieve cardiac wall stresses, the working load on the heart is reduced. Reducing the

working load allows the heart to at least partially rest, and appears to provide an opportunity

for the heart to at least partially heal itself. For example, it is anticipated that a remodeled

diseased heart can reverse-remodel so as to become more healthy if cardiac wall stresses are

reduced. The effect of reducing wall stress can indeed lead to valuable and beneficial healing

effects.

[0061] In another preferred embodiment, a cardiac wall tension reduction device

is at least partially made of a bioabsorbable material that is combined with medically-

beneficial medicaments so that the beneficial medicaments are released as the bioabsorbable

material dissolves. For example, bone marrow or stem cells can be provided so as to

possibly stimulate myocardial regeneration. This type of treatment may help resolve an

infarct, and promote healing of the heart. Of course, it is to be understood that any type of

medicament anticipated to aid the heart can be combined with a bioabsorbable apparatus.

[0062] In another embodiment, a bioabsorbable cardiac harness can be combined

with anti -fibrin drugs and/or other medications that resist the deposit or growth of body

tissues around the installed harness. As such, the harness reduces heart wall stresses, giving

the heart an opportunity to begin healing, but will not form extensive scar tissue. In this

embodiment, the harness is adapted so that it will dissolve after a period of time .sufficient to

rest the heart so that it can continue its work without developing worsening symptoms of

disease. Since little or no scar tissue is left behind after the harness dissolves, the rested heart

will not be restricted by such tissue. Although, as discussed above, scar tissue can sometimes

serve a beneficial purpose, some situations benefit from avoidance of scar tissue

[0063] As discussed above, it is anticipated that the heart will reverse remodel

when a harness reduces cardiac wall stress. As such, the heart may be smaller when a

bioabsorbable harness dissolves than when the harness was installed. In accordance with one

embodiment, a new, smaller harness is then to be placed on the heart, thus prompting further

reverse remodeling. This process can be repeated as often as desired, until the heart has

reached a desired size and health level. When the desired size is achieved, further harnesses

may not be needed because the heart is healthy enough to maintain its size. Alternatively, a
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permanent harness may be installed to maintain the heart at the desired size. In a further

embodiment, another bioabsorbable harness is installed, but without anti-tissue-growth drugs.

As such, the heart becomes at least partially encapsulated in body tissues that will resist

enlargement of the heart beyond the desired size. This helps the heart maintain the desired

healthy size.

[0064] In still another preferred embodiment, foreign bodies are introduced about

the heart so as to stimulate tissue growth that will at least partially encapsulate the heart.

These foreign bodies need not be in the form of a cardiac harness, and need not impart any

compressive force on the heart. However, these foreign bodies will stimulate fibrin/collagen

or other tissue growth about the heart so as to at least partially encapsulate the heart in the
*

tissue. The tissue will act as a sock or jacket to resist further expansion of the heart.

[0065] It is to be understood that such foreign matter can be bioabsorbable, but is

not necessarily so. For example, the foreign matter can comprise a liquid or powder irritant

specially adapted to stimulate fibrin or collagen growth. Such irritants may include shredded

or powderized polyester or other plastics.

[0066] In another embodiment, foreign matter or a cardiac harness can be

arranged around the heart so as to stimulate tissue growth at specified locations and in

desired directions. For example, matter can be placed so as to stimulate tissue growth in a

configuration that generally follows the directional expansion and contraction of heart

muscle. For example, in Figure 8, foreign material is arranged on or around the heart 30 in a

series of strips 90 which are arranged to generally correspond to the directional expansion

and contraction of heart muscle. This prompts tissue growth in the area and directional

configuration of the strips 90. As such, the tissue grows to generally correspond to the

directional expansion and contraction of heart muscle. Such tissue will help reduce the

muscle load as the heart expands during filling and contracts during pumping. Preferably, the

foreign matter that stimulates the tissue growth comprises a bioabsorbable material. In

another embodiment, the foreign matter is not bioabsorbable and is maintained permanently

in the patient's body. ........... ... . .

[0067] Introduction and placement of foreign material around the patient's heart

can be performed via minimally-invasive methods. Minimally invasive methods can also be
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used to install a Nitinol, woven and/or bioabsorbable harness around the heart. Even less

invasive methods can be used to place loose or detached foreign matter about the heart.

[0068] As a patient's heart enlarges during congestive heart failure, the annulus of

certain valves, such as the mitral valve, tends to grow with the heart. Eventually, the valve

annulus may increase in size to a point at which the leaflets are not large enough to

completely close the valve. Another factor contributing to valve dysfunction is that as the

heart enlarges, the geometry of the heart changes somewhat. Portions of the heart, such as

the papillary muscles, are moved outwardly from the leaflets to which the papillary muscles

are attached via the chordae tendinaea. These papillary muscles may be stretched so much

that they prevent the valve leaflets from adequately engaging each other during valve closure.

As such, the leaflets will not be able to fully close, and the valve will leak. Such valve

leakage simply makes the patient's heart problems worse.

[0069] As discussed in the above-referenced application entitled "Heart Failure

Treatment Device and Method", a harness or collar can be configured to exert a compressive

force on specific portions of a heart so as to help prevent or diminish valve dysfunction. For

example, a collar-type device can be specially configured to fit around the AV groove region

92 of the heart 30. Figure 9 shows an AV groove collar 94 arranged and configured to exert

a compressive force that will tend to decrease the size of the valvular annuli and/or prevent

enlargement of the valvular annuli beyond desired sizes.

[0070] With continued reference to Figure 9, a papillary muscle band 96 can be

configured to be placed around the outside of the heart 30 in the area of the papillary

muscles. As known in the art, the papillary muscles are generally midway between the AV

groove and the apex of the heart. Thus, a papillary muscle band 96 can exert a compressive

force to reduce the diameter of the heart at the level of the papillary muscles. This will help

the papillary muscles become less stretched so that they allow and facilitate closure of the

valve leaflets. In the illustrated embodiment, the papillary band 96 is constructed of a woven

or knit fabric. It is to be understood that the papillary band 96 can also have an undulating

spring hinge construction such as that shown and discussed in connection with the

embodiments presented in FIGURES 1-7. Further, the AV groove collar 94 and/or papillary

muscle band 96 can be constructed of a substantially elastic material, such as silicone rubber.
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* [0071] As discussed above, a cardiac harness applies a mild compressive force on

a patient's heart. It is anticipated that embodiments of an AV groove collar 94 and papillary

muscle band 96 will exert a more aggressive compressive force than a typical cardiac

harness. In another embodiment, a permanent cardiac harness implant is coated with an

irritant in the portions configured to engage the AV groove 92 and/or papillary muscle

regions of the heart so as to provide a more dramatic stimulus for tissue growth in these

portions. Thus, tissue growth in the AV groove and papillary muscle areas of the heart will

be increased, providing further resistance to expansion in these areas.

[0072] In another embodiment, a bioabsorbable woven or knit AV groove collar

94 stimulates tissue growth in and around the AV groove so as to provide similar benefits

without a permanent implant. A bioabsorbable papillary muscle band 96 is similarly

provided. It is to be understood that the AV groove collar 94 and papillary muscle band 96

can be used independent of one another or in conjunction with one another and either

independent of or in conjunction with a permanent or bioabsorbable cardiac harness. For

example, a papillary muscle band can be placed on the heart before or after installation of a

cardiac harness. r

[0073] In still further embodiments, an AV groove collar 94 and papillary band

96 can be incorporated into a cardiac harness so as to apply specially-directed forces to the

specific portions of the heart and to create specific regions of increased tissue growth.

[0074] In still another embodiment, an AV groove collar and/or papillary band is

constructed of a bioabsorbable material and is configured to exert a force on a patient's heart

within a first force range. A cardiac harness is provided and is configured to exert a force on

the patient's heart within a second force range. The first range of force, which is to be

exerted by the papillary band or AV groove collar, induces generally greater levels of force

than the second range. As such, when the combination is installed on the patient's heart, a

greater force is exerted at the AV groove or papillary band region of the heart than elsewhere.

As time passes and the .collar or band is absorbed, the applied force on the heart becomes

.
more equalized. . This arrangement enables treatment of acute valvular dysfunction by

applying a greater degree of force in one area of the heart than is needed for the rest of the
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heart. Over time, as the rest of the heart remodels, no extra force is needed to treat valvular

dysfunction and, in this embodiment, is no longer exerted.

[0075] In a variation of the above embodiment, the AV groove collar and/or

papillary muscle band is formed from a bioabsorbable material and is configured to have a

maximum dimension beyond which the collar/band will not deform. As such, a selected

portion of the heart can be constrained to a specific size while the rest of the heart is not so

constrained. This enables passive treatment of the heart as a whole while also addressing an

acute issue. It is to be understood that, in other embodiments, a bioabsorbable member can

temporarily apply a targeted, increased force in a desired portion of the patient's heart while

an accompanying cardiac harness provides a more even, mild and permanent compressive

force over a larger portion of the heart.

[0076] In the embodiments described above, the cardiac harness preferably

applies a mild compressive force on the heart in order to achieve therapeutic benefits. An

applied force or pressure within a therapeutic range is defined herein as a pressure of

sufficient magnitude that, when applied to an organ such as the heart, results in a benefit to

the organ. In one embodiment, the therapeutic range for a cardiac harness is between about

2-20 mmHg. More preferably, the therapeutic pressure is about 2-10 mmHg, and most

preferably is between about 2-5 mmHg..

[0077] With reference next to Figure 10, a pressure versus percentage tensile

strain curve 100 is presented reflecting actual test data for one embodiment of a cardiac

harness constructed of drawn Nitinol wire formed into undulating spring hinges. As shown,

this harness embodiment is capable of extensive deformation. In this embodiment, the

harness is stretched from its original, at-rest position in order to be fit over the patient's heart.

When on the heart, it applies a mild, compressive force, which will tend to help the heart

reverse-remodel. As the heart reverse-remodels and becomes smaller, the harness

correspondingly becomes smaller. Of course, the size of the heart varies between the

beginning of diastole and the end of diastole. In the illustrated embodiment, the labels Ds

and DF have been applied to the curve to identify the pressure applied by the harness at a

particular level of tensile strain 8 corresponding to the beginning Ds and end DF of diastole.

In a similar manner the labels D's , and D' F illustrate the relative pressures applied by the
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harness at the beginning and end of diastole as the heart reverse remodels and becomes

smaller. In the illustrated embodiment, the cardiac harness adjusts continuously with the

heart as the heart changes in size, and also applies a therapeutic pressure to the heart even

when the heart reverse remodels extensively.

[0078] In the illustrated embodiment, the cardiac harness exerts a pressure in

response to strain of the harness. For example, if the harness is strained about 100%, it will

exert about lOmmHg on the heart. As the heart becomes smaller as a result of reverse

remodeling, the percent strain of the harness will decrease, and the corresponding pressure

exerted by the harness also will decrease. In the preferred embodiment, the harness is

configured so that the applied pressure varies relatively little over a broad range of

deformation. As such, the harness provides a therapeutic pressure even after the heart has

reverse remodeled extensively.

[0079] For example, with continued reference to Figure 10, a reduction in size

corresponding to a 40% change in strain as the harness reduces from 100% to 60% strain is

accompanied by a decrease in applied pressure of less than about 3mmHg. A 40% change

from 80% to 40% strain is accompanied by a decrease in applied pressure of less than about

4mmHg. Still further, a 20% reduction in size can be accompanied by a decrease in applied

pressure of less than about 3mmHg or, depending on the degree of strain of the harness, less

than about 2mmHg. Additional relationships indicating changes in applied pressure

corresponding to changes in the size/strain of the harness can be derived from the illustrated

pressure/strain curve of Figure 10.

[0080] In accordance with another embodiment, the harness represented by the

test data of Figure 10 is coated with a bioabsorbable coating including a medicament that

inhibits growth of tissue in response to introduction of a foreign body. As such, scar tissue

growth around the heart and harness will be minimized, and the harness can dramatically

decrease in size as the heart reverse remodels without scar tissue preventing the harness from

adjusting and changing shape with the patient's heart.

[00°1] With reference next to Figures 11 and 12, applicants - have -developed a

method and apparatus for testing the elastic behavior of a cardiac harness. Figure 1 1 shows

an elongate test portion 110 that is taken from a cardiac harness. In the illustrated
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embodiment, the test portion 110 has been taken from the harness 70 of Figure 7 generally

along the lines 11-11. However, it is to be understood that a test portion can be taken from

nearly any portion of a harness so long as the test portion comprises a substantial enough

portion of the harness so as to properly represent the harness during materials testing. With

continued reference to Figure 11, the test portion 110 preferably has a length L and a width

W. The length L is defined in a direction generally along the circumference of the harness.

In other words, the length L is taken in a direction generally transverse to a longitudinal axis

of the heart and harness. Most preferably, the length L is taken in the direction generally

perpendicular to the longitudinal axis. The width W extends in a direction generally along

the longitudinal axis.

[0082] With reference next to Figure 12, the test portion 110 preferably is placed

in a material property testing machine 112 such as is available from Instron™. The test

portion 110 of the harness preferably is disposed in mounts 114 of the materials testing

machine 112, and the machine pulls the test portion 110 along its length L. The materials

testing machine 112 collects data detailing the load, in pounds force (lbF), and the

corresponding percent tensile strain of the test portion 110 along the length L. The load is

then normalized with reference to the width W of the test portion which, in the illustrated

embodiment, is in a longitudinal direction. Thus, in the illustrated embodiment, load data is

taken in the units of lbF/in.

[0083] The above-described test procedure allows measurement of the

elasticity/deformation behavior of various embodiments of cardiac harnesses so that such

embodiments can be compared. For consistency, testing preferably is performed at room

temperature, preferably about 37° C. As discussed above, the load is applied along the length

L of the test portion 110, which length L is taken in a direction along the circumference of

the corresponding harness. Thus, the applied load represents and corresponds to a

circumferential load of the harness. The percent tensile strain is also taken along the length

L. As such, the percent tensile strain represents and corresponds to a percent of

circumferential expansion of the harness above a zero load condition.

[0084] With reference next to Figure 13, an anticipated compliance curve charting -

the compliance of one embodiment of a cardiac harness is presented. The illustrated graph
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represents behavior of a cardiac harness constructed of a knit material such as a harness

constructed employing an "atlas knit" as discussed above. As shown in the drawing, the

tested embodiment appears generally parabolic in shape. That is, as the percent tensile strain

increases the corresponding load increases exponentially. In the illustrated embodiment, it is

anticipated that an asymptote will be defined at a percent strain between about 40%-50%. At

that point the test portion will have reached its limit of expansion.

[0085] With reference next to Figure 14, an exemplary spring element 34 of a

harness such as the harness 70 of Figure 7 is illustrated. The spring element 34 of Figure 14

represents one element from a strand of such spring elements. This figure will be used to

define the dimensions of some specific embodiments for which test data has been obtained.

[0086] With reference also to Figure 15, plotted test data is presented for a test

portion of a cardiac harness. The cardiac harness exemplified by the test data of Figure 15

comprises strands of spring elements preferably formed of drawn Nitinol wire having a

diameter of about 0.008 in. The spring elements resemble the spring element 34 shown in

Figure 14, and have a width w of about 0.165 in., a height h of about 0.163 in., and a

diameter <|> of about 0.126 in. After the wire is formed into strands of spring elements, it is

heat treated at about 485° G for about 30 minutes. Silicone tubing having an inner diameter

of about 0.010 in. and an outer diameter of about 0.025 in. is disposed over the strand.

[0087] A test portion of the just-described cardiac harness was tested in a

materials testing machine in accordance with the procedure discussed above. Test data,

including load and percent tensile strain, was collected between a zero load, zero percent

strain condition and about a 100% strain condition. Representative test data points are set out

in the plot of Figure 15, in which percent tensile strain is plotted along the x axis, and load,

normalized with respect to the width W of the test portion, is plotted along the y axis.

[0088] With continued reference to Figure 15, a linear regression of the test data

was performed in. order to derive a function describing the behavior of the cardiac harness in

the form y =ax + b. The linear regression was performed using Microsoft™ Excel™

software, and yielded the function y = O.OOlx + 0.005. The linear regression function has a

coefficient of determination R2
of about 0.9969. It is understood that, in linear regression, the

coefficient of determination R2
represents how well the linear regression function represents
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the collection of data. In the illustrated embodiment the R2
value is very close to 1, and thus

indicates that the linear regression line closely represents the data.

[0089] With reference next to Figure 16, plotted test data is presented for a test

portion of another embodiment of a cardiac harness. The cardiac harness exemplified by the

test data of Figure 16 comprises strands of spring elements preferably formed of drawn

Nitinol wire having a diameter of about 0.012 in. The spring elements resemble the spring

element 34 shown in Figure 14, and have a width w of about 0.300 in., a height h of about

0.275 in., and a diameter (j) of about 0.250 in. After the wire is formed into strands of spring

elements, it is heat treated at about 485° C for about 30 minutes. Silicone tubing having an

inner diameter of about 0.014 in. and an outer diameter of about 0.029 in. is disposed over

the strand.

[0090] A test portion of the just-described cardiac harness was tested in a

materials testing machine in accordance with the procedure discussed above. Test data,

including load and percent tensile strain, was collected between a zero load, zero percent

strain condition and about a 100% strain condition. Representative test data points are set out

in the plot of Figure 16, in which percent strain is plotted along the x axis, and load,

normalized with respect to the width W of the test portion, is plotted along the y axis.

[0091] With continued reference to Figure 16, a linear regression of the test data

was performed in order to derive a function describing the behavior of the cardiac harness in

the form y =ax + b. The linear regression was performed using Microsoft™ Excel™

software, and yielded the function y = 0.0009x + 0.0083. The linear regression function has a

coefficient of determination R2
of about 0.9864.

[0092] With reference next to Figure 17, plotted test data is presented for a test

portion of yet another embodiment of a cardiac harness. The cardiac harness exemplified by

the test data of Figure 17 comprises strands of spring elements preferably formed of drawn

Nitinol wire having a diameter of about 0.012 in. The spring elements resemble the spring

element 34 shown in Figure 14, and have a width w of about 0.300 in., a height h of about

0.275 in., and a diameter $ of about 0.250 in. After the wire is formed into strands of spring

elements, it is heat treated at about 485° C for about 30 minutes. Silicone tubing having an

inner diameter of about 0.014 in. and an outer diameter of about 0.029 in. is disposed over
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the strand. As can be seen, the cardiac harness represented in Figure 17 is structurally very

similar to the cardiac harness represented in Figure 16. In fact, the most significant

difference between the harnesses is found in the arrangement of connectors between adjacent

strands. As discussed above, due to the differences in connector placement, the longitudinal

compliances of these embodiments are somewhat different. However, as set out below, the*

circumferential compliance of these embodiments is quite similar.

[0093] A test portion of the just-described cardiac harness was tested in a

materials testing machine in accordance with the procedure discussed above. Test data,

including load and percent tensile strain, was collected between a zero load, zero percent

strain condition and about a 100% strain condition. Representative test data points are set out

in the plot of Figure 17, in which percent strain is plotted along the x axis, and load,

normalized with respect to the width W of the test portion, is plotted along the y axis.

[0094] With continued reference to Figure 17, a linear regression of the test data

was performed in order to derive a function describing the behavior of the cardiac harness in

the form y = ax + b. The linear regression was performed using Microsoft™ Excel™

software, and yielded the function y = 0.0009x + 0.0073. The linear regression function has a

coefficient of determination R2
of about 0.9933.

[0095] With reference next to Figure 18, plotted test data is presented for a test

portion of another embodiment of a cardiac harness. The cardiac harness exemplified by the

test data of Figure 18 comprises strands of spring elements preferably formed of drawn

Nitinol wire having a diameter of about 0.011 in. The spring elements resemble the spring

element 34 shown in Figure 14, and have a width w of about 0.165 in., a height h of about

0.163 in., and a diameter <|> of about 0.126 in. After the wire is formed into strands of spring

elements, it is heat treated at about 485° C for about 30 minutes. Silicone tubing is disposed

over the strand.

[0096] A test portion of the just-described cardiac harness was tested in a

materials testing machine in accordance with the procedure discussed above. Test data,

including load and percent tensile strain, was collected between a zero load, zero percent

strain condition and about a 100% strain condition. Representative test data points are set out
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in the plot of Figure 18, in which percent strain is plotted along the x axis, and load,

normalized with respect to the width W of the test portion, is plotted along the y axis.

[0097] With continued reference to Figure 18, a linear regression of the test data

was performed in order to derive a function describing the behavior of the cardiac harness in

the form y =ax + b. The linear regression was performed using Microsoft™ Excel™

software, and yielded the function y = 0.0033x + 0.0238. The linear regression function has a

coefficient of determination R2
of about 0.9749.

[0098] With continued reference to Figure 18, it is observed that the slope of the

curve represented by the data points becomes lesser as the percent strain increases. A linear

regression of the test data was performed in order to derive a function describing the behavior

of the cardiac harness in the form y = cx
2 + ax + b. The linear regression was performed

using Microsoft™ Excel™ software, and yielded the function y = -0.00005x
2 + 0.0054x -

0.0129. This linear regression function has a coefficient of determination R2
of about 0.9989.

[0099] Yet another embodiment of a cardiac harness comprises strands of spring

elements formed of drawn Nitinol wire having a diameter of about 0.016 in. The spring

elements resemble the spring element shown in Figure 14, and have a width w of about 0.289

in., a height h of about 0.275 in., and a diameter
(J)
of about 0.250 in. After the wire is formed

into strands of spring elements, it is heat treated at about 515° C for about 25 minutes.

Silicone tubing is disposed over the strand.

[0100] A test portion of the just-described cardiac harness was tested in a

materials testing machine in accordance with the procedure discussed above. Test data,

including load and percent tensile strain, was collected between a zero load, zero percent

strain condition and about a 100% strain condition. A linear regression of the test data was

performed in order to derive a function describing the behavior of the cardiac harness in the

form y = ax + b. The linear regression was performed using Microsoft™ Excel™ software,

and yielded the function y = 0.003x + 0.0073. The linear regression function has a

coefficient of determination R2
of about 0.9945.

[0101] In each of the embodiments discussed above, the compliance functions

y=ax+b are determined based on test data between about zero percent strain and 100% strain.

It is anticipated that behavior of the harness test portions may change considerably if tested
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far beyond 100% strain. However, it is to be understood that the tested range of expansion of

about 0-100% represents a proposed operating range of expansion for each harness. In this

operating range, the compliance behavior of the harness embodiments is known and

predictable.

[0102] In accordance with one embodiment, the cardiac harness is sized and

configured relative to a patient's heart so that the operating range of the harness is up to

about 75% expansion. In another embodiment, the operating range of the harness is up to

about 50% expansion. Although the tested embodiments have been tested only up to about

100%) expansion, it is to be understood that further testing may reveal acceptable behavior in

ranges well above 100% expansion. As such, an operating range of the harness should be

taken to mean a range over which the compliance behavior of the harness is acceptable for its

intended purpose of providing a mild compressive force to the patient's heart without

defining a limit beyond which the heart cannot expand.

[0103] Further, it is to be understood that, by employing the compliance functions

that are derived from the test data by linear regression, the compliance behavior of the

associated harnesses can be predicted over any range of expansion or load. For example,

with reference to the embodiment of Figure 18, it can be determined that a change of about

20 percent in circumferential expansion within an operating range of expansion having a

minimum value of at least 20 percent yields a change in circumferential load of about 0.066

lb/in.

[0104] With reference to the embodiment of Figure 15, it can be determined that a

change of about 20 percent in circumferential expansion within an operating range of

expansion between about 0 and 100 percent yields a change in circumferential load of about

0.02 lb/in.

[0105] Experimental studies indicate that a cardiac harness having compliance

properties as in the embodiment of Figure 15 provide a beneficial therapeutic effect to a

diseased heart. Studies also indicate that a cardiac harness having compliance properties as

in the embodiment of Figure 18 also provides a beneficial therapeutic effect. Preferably,

however, a cardiac harness has compliance properties at or more compliant than the
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embodiment of Figure 18. Thus, preferably a change of about 20 percent in circumferential

expansion yields a change in circumferential load no greater than about 0.066 lb/in.

[0106] As demonstrated by the several embodiments tested and discussed above,

significant changes to the calculated compliance functions can be achieved by varying

structural properties such as wire diameter, heat treatment, and dimensions of spring

elements. It is anticipated that other cardiac harness embodiments can be constructed

wherein a change of about 20 percent in circumferential expansion yields a change in

circumferential load of about 0.066 lb/in., 0.02 lb/in., 0.018 lb/in., or any range between or

below these values.

[0107] Testing harness embodiments as discussed above enables analysis of the

behavior of the harness over its operating range. For example; the compliance function

y=ax+b can be computed over the entire range of test data, as with the embodiments

discussed above, or can be computed over only a selected range of test data. Pursuant to

standard mathematical properties, the constant "a" represents the slope of the function.

[0108] With reference to the embodiment of Figure 18, the slope of the test data

declines as the percent expansion increases. As such, if a first slope "a" is calculated by

linear regression over a first selected range of expansion, and a second slope "a" is calculated

over a second selected range of expansion, which second range consists of expansion values

greater than the first range, the second slope "a" will be less than the first slope "a". In other

embodiments, such as that of Figure 16, the second slope "a" will be nearly the same as, but

no greater than the first slope "a" for at least portions of the test data. Preferably, each of the

first and second ranges of data comprise a significant range of data, such as over at least five

percent of expansion.

[0109] The analysis just discussed is helpful in analyzing cardiac harness

compliance behavior to determine whether a cardiac harness exhibits desired behavior. For

example, in a preferred embodiment, the second slope "a" is no greater than the first slope

"a". It is further helpful to analyze such behavior over only portions of the range of

expansion that are expected to be used during operation of the harness. For example, in

another preferred embodiment, the second slope "a" is no greater than the first slope "a"

within an operational range of expansion of the harness of about 0-100 percent expansion. In
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further preferred embodiments, the first selected range of expansion is within a range

between about 20 and 30 percent expansion, and the second selected range of expansion is

within a range between about 25 and 100 percent expansion. In yet another embodiment, the

second selected range of expansion is within a range between about 25 and 50 percent

expansion.

[0110] In the embodiments discussed above, the compliance function has been

defined by linear regression of test data taken over a percent expansion between about 0-

100%. It is to be understood that such an analysis may also be helpful if taken over a more

limited range of percent expansion. For example, the operating range of the harness may, in

some embodiments, be limited to such a range of expansion. In accordance with one

embodiment, the variation of load as a function of expansion between about 20 - 30 percent

expansion is represent by the compliance function . y=ax+b in which "a" and "b" are

determined by linear regression, and wherein the value of "a" is no greater than about 0.0033.

[01 11] In the illustrated embodiments, the coefficients of determination have been

very close to 1 . More particularly, the coefficients of determination are greater than about

0.9 band, in some embodiments, greater than about 0.98. Preferably, a compliance function

determined by linear regression, has a coefficient of determination of at least about 0.8 in

order to be helpful for analysis as discussed herein.

[0112] For each of the analyses discussed above, characteristics over certain

exemplary ranges of expansion have been specifically discussed. It is to be understood that,

at least for the test data and corresponding compliance functions disclosed herein, the

properties of the corresponding harnesses can be analyzed over any range of circumferential

expansion or load. Such varying ranges of analysis are contemplated by the test data and the

compliance functions. Such analyses are advantageous for defining the behavior of the

corresponding harness embodiment.

[0113] Although this invention has been disclosed in the context of several

preferred embodiments and examples, it will be understood by those skilled in the art that the

present invention extends beyond the specifically disclosed embodiments to other alternative

embodiments and/or uses of the invention and obvious modifications and equivalents thereof.

In addition, while a number of variations of the invention have been shown and described in
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detail, other modifications, which are within the scope of this invention, will be readily

apparent to those of skill in the art based upon this disclosure. It is also contemplated that

various combinations or subcombinations of the specific features and aspects of the

embodiments may be made and still fall within the scope of the invention. Accordingly, it

should be understood that various features and aspects of the disclosed embodiments can be

combined with or substituted for one another in order to form varying modes of the disclosed

invention. Thus, it is intended that the scope of the present invention herein disclosed should

not be limited by the particular disclosed embodiments described above, but should be

determined only by a fair reading of the claims that follow.
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